Abstract. Various studies have been conducted to construct free-form buildings, but it still takes a lot of labor, cost, and time to assure the accuracy of designed shapes. In particular, molds for the production of free-form concrete panels (FCPs) are putting enormous burdens on productivity and cost. To produce FCPs economically, a computerized numeric control (CNC) machine that produces phase change material (PCM) molds for persistent use was developed in this study. The technology using CNC machine can produce precisely free-form molds and panels in a short time compared to the manual method. However, in order to commercialize this technology, it is necessary to verify the shape error of the FCPs. Therefore, the purpose of this paper is an experimental study for securing FCP quality produced by a CNC machine. The results of this study will be used to mass-produce uniform quality of FCPs without depending on the skill and workmanship of the labor.
Introduction
Although many technologies have been applied to the construction of free-form buildings with enormous capital input (Kim 2009 ), there are still very few technologies to produce high-quality free-form members with economic-feasibility (Payne 2003; Plaza 2006) . In the case of the Sydney Opera House, the initial estimated total construction cost was 7 million USD, but increased 15 times to 120 million USD (Payne 2003) , the total construction cost of the Bilbao Guggenheim Museum was 127 million USD, 14 times more than the initial budget (Plaza 2006) . Dongdaemun Design Plaza & Park (DDP), a monumental free-form building in Korea, took twice the initial budget due to frequent change order and time delay (Kim 2014) .
The reason for the rise of the construction cost is the large amount of manpower and time spent in the design, production, and installation stages to secure the quality of the free-form building facade. In particular, the cost of producing and installing free-form panels is more than twice that of normal panels. In the case of free-form concrete panels (FCPs), the production mold or form is not reusable or recyclable, resulting in a huge burden on productivity and cost (Lee 2015; Kim et al. 2015) .
To solve this problem, a computerized numeric control (CNC) machine was developed to produce molds for freeform concrete panels of precise shape in a short time. The CNC machine receives the shapes of the designed freeform concrete members as meshed data and implements the shapes of FCPs into phase change material (PCM) molds by a series of mechanical operations. In this process, there is an error between the designed shape and the manufactured shapes. The shape errors are caused by the errors caused by the rubber plate used to make the shape and by the accumulated mechanical errors due to the operation of the CNC machine parts. Therefore, in order to commercialize the developed technology, it is necessary to verify the shape errors of the FCPs. Therefore, the purpose of this paper is an experimental study for securing FCP quality produced by a CNC machine. This study is carried out as follows:
1. Reviewing the problems of production technology of free-form members through the literature survey, and introducing the process of FCP production by the CNC machine developed in this study; 2. Designing the FCP based on the curvature and size of an external cladding of the building after selecting a free-form building case; 3. Establishing the experiment plan by using CNC machine in order to secure the quality of FCP; 4. Measuring the coordinate value of meshed design data to be transferred to the CNC machine; 5. Comparing the difference between the coordinate values of the designed FCP and the shape plate implemented by the CNC machine; 6. Analyzing the results of experimental research to identify problems and draw out improvements.
Preliminary study

Review of production technology of free-form members
3D design technology using BIM and CNC machining technology were continuously studied by investing a huge amount of research fund in the area of free-form concrete panels' production technology (Ryu, Kim 2012; Bae et al. 2009; Lee 2008) . However, in most construction projects, it is difficult to reuse the molds or forms used for the production of FCPs. For this reason, constructing a free-form building still puts a huge burden on cost, time and productivity. In a study on the production technology of FCPs, Latorre (2010) used a pneumatic system to make a shape of a free-form dome, but it was difficult to implement various shapes. Verhaegh (2010) implemented FCPs using a fabric form, but additional research on how to reinforce and reuse flexible fabrics is needed. For automation of free-form panel concreting, The CRAFT (Center for Rapid Automated Fabrication Technologies) at the University of Southern California (USA) has studied numeric controlled machine, production process, new material and design using computer, and studied the manufacture and utilization of large machines for automation in building construction (CRAFT 2014) . However, further studies are required for the production of large size free-form panels.
The IMCRC (Innovative Manufacturing and Construction Research Center) of Loughborough University in England has studied 3D printing method to produce FCPs (IMCRC 2014). However, due to the production by the plotting method, production of a panel takes a long time and large quantity production is impossible in terms of cost. And the issues of securing the bonding strength between the plotted layers and trowelling to make the smooth shape should be solved (Kim 2014) .
In addition, EPS (Expandable Polystyrene) processed by CNC machine (Mandl et al. 2008; Lindsey, Gehry 2001) , wood (Ito 2006 ) and fabric (Schipper, Janssen 2011) were used as forms or molds in their researches or projects on free-form building technology. However, these studies need more practical studies considering economic efficiency due to the problem of being used only once. Oesterle et al. (2012) presented the concept of a free-form mold that can be recycled using wax as shown in Figure 1(a) . Although the concept of the research level was presented, detailed techniques including the details of the equipment for the production of the free-form concrete panel and the production process considering the characteristics of the wax were not provided.
As shown in Figure 1 (b), Savvides (2012) developed a 3FST (free form formwork system technology) to create free-form shapes that can be recycled using regularly spaced rods. This technique requires additional treatment because the surface of the cured concrete is rough as shown in the Figure 1(b) . Since the geometric error of free-form shape was not verified, it stayed at the level of suggestion.
The machines studied in 4TU (2017), Schipper and Eigenraam (2016) and Adapa (2017) as shown in Figure 1 (c) and (d) implements a free-form shape with a steel plate. However, when the steel plate is deformed at an irregular shape in a flat state, expansion due to tension does not occur like a rubber plate in which four edges are constrained. Therefore, Figure 1 (e), the projected size does not maintain the size in the flat state after the irregular shape is implemented. That is, the size of the initial flat state is reduced according to the curvature. Since all free-form panels have different curvatures, the size of the flat plate should be accurately calculated considering that the size is reduced as shown in Figure 1 (f). However, it is not easy to calculate the initial size of the flat state even in one panel considering the free-form shape to be implemented, while maintaining smooth size change.
If a free-form panel is produced using the method proposed by 4TU (2017), Schipper and Eigenraam (2016) and Adapa (2017) , the original flat size must be changed. Thus, it is possible to make one panel experimentally by these methods, but it is very difficult to precisely produce external or internal finishes with many panels in precise layout. In addition, no verification test for the shape error after panel fabrication has been performed in their research.
As mentioned above, many studies have been carried out on the production of free-form concrete members, but it still takes a lot of time and money to produce the members that match the designed free-form shape. To solve these problems, a CNC machine that operates the rods up and down was developed as shown in Figure 2 . The CNC machine developed in this study quickly and accurately implements 3D free-form panel information. That is, the free-form shape shown in the drawing is implemented mechanically.
CNC machine consists of multiple numerical control rods (NCRs, j) that move up and down and they are arranged in 7×7 grid (Lim et al. 2016b) . Before starting the motor (k, the initial NCRs position can be set. And the information on initial position is delivered to a computer through the data acquisition (DAQ) board (o). When the curved surface information is inserted on the computer, it is sent to the motor driver (l) through the motor control board (n).
Here, this bar-shaped motor driver moves to each motor (seven motors) along the moving rail (m) and it can individually control the NCR height of the corresponding row. In other words, the motor driver moves from Y1 row to Y2 row and from Y2 row to Y3 row. This is repeated until it moves from Y6 row to Y7 row. Then, the motor driver controls the NCR height at each row. The operation ends when one FCP shape is completed.
The driving time of the CNC machine is calculated by the following Eqn (1) considering the screw lead, total transmission distance, number of screws, motor speed and 
here 1 x : Screw lead = 3 mm; 2 x : Transmission distance = 100 mm; 3
x : Number of screws = 7EA; 4 x : Motor speed = 3,000 RPM; 5
x : Gear ratio = 1:1. The concept of producing FCPs using CNC machine is shown in Figure 3 . The description of each step is as follows.
1. As shown in Figure 3 (a), the pattern data produced from parametric modeling are defined and edited Lim et al. 2015a Lim et al. , 2016a . 2. As shown in Figure 3 (b), the data are used to design a free-form building according the architect's intended concept. Based on the architect's intent, the order of step (1) and (2) may be switched. 3. As shown in Figure 3 (c), the data on FCP composed of the free-form building's finish panel shape are extracted and sent to a computer (Lee 2015) . 4. As shown in Figure 3(d) , the transmitted data are input to a CNC machine and then, the rods move up and down to produce a three-dimensional free-forms shape (Lim et al. 2015b (Lim et al. , 2016c . For reference, a rubber plate attached to the upper part of rods makes it possible to produce a smooth shape. 5. As shown in Figure 3 (e), Composite PCM Lee et al. 2017 ) is poured into the upper part of rubber plate and cooled. A free-form mold at the solid state is produced. 6. As shown in Figure 3 (f), concrete is poured into the PCM mold to produce FCP. Then, the form is removed. The PCM mold is changed to liquid and reused for producing other free-form molds (Lee 2015) . The PCM mold produced using a CNC machine is permanently reusable as its phase changes from solid to liquid through cooling and melting. The most difficult part of FCP production is mold production. However, the study uses a machine to produce molds, which results in reduced construction time and high productivity as well as significant cost reduction owing to the increased number of reuses. For commercialization of this technology, the shape errors of FCPs need to be verified.
Operation of CNC machine
CNC machine is basically used to build a free-form shape and it moves the rods installed on the upper part up and down (Z-axis) as shown in Figure 2(a) . As shown in Figure 2(b) , NCRs are placed at 100 mm-intervals and they can rise up to 100 mm toward the Z-axis. In other words, the three-dimensional free-form shape of FCP is expressed by the values allocated to X, Y and Z-axes.
For instance, if the crossing of X2 and Y1 is defined as P1, that of X3 and Y1 as P2 and that of X4 and Y1 as P3 as shown in Figure 4 , the height H1, H2 and H3 become the Z value. With the coordinate data, the CNC machine operates. In other words, the coordinate Z values controlled by the computer are the curved surface data of FCP. The free-form curved surface between coordinates is realized based on the rubber plate located at the upper part of rods as shown in Figure 3(d) . When PCM such as wax is poured in and solidified as shown in Figure 3 (e), the mold at the solid state is produced.
The precision of PCM mold produced based on the designed FCPs information in the process is influenced by the mechanical errors generated as the rods move up and down as well as the bending property of the rubber plate. Owing to these influence factors, there is a slight difference between the FCP design information and the final product. Herein, the experimental study analyzes the errors generated in the production process. The analyzed result will help to secure high-quality FCP production technology.
For reference, the operating time of CNC machine are relatively much shorter to compare with time required to solidify the PCM mold. Thus, the number of motors operating at one time is restricted to reduce the production cost and power consumption in the experiment stage. However, when producing commercial molds to produce FCPs that are 2×2 m in size or larger, the number of motors may be increased for durability and quick operation. In addition, the number of rods may be increased and the intervals may be reduced to improve shape accuracy. The speci- Figure 3 . Production concept of FCPs using CNC machine (Lim et al. 2016a) fications of the CNC machines, including these, should be addressed in further commercialization studies.
FCP shape
FCP shape design
To build a free-form shape, DDP, an existing free-form building was selected as a case project. Based on the case building, FCPs were designed for this experimental study. The brief information of the case building is shown in Table 1 . The building and total floor area of DDP is 25,104 m 2 and 83,024 m 2 , respectively. It is the largest free-form building in South Korea that is 4 stories high with 4 basement floors. The whole building is composed of three-dimensional curved surfaces. The building's cladding materials are perforated aluminum panels.
The general perspective view of DDP is as shown in Figure 5 (a), and the building's cladding materials were examined (b) to choose a design sample (c). The enlarged design sample is as shown in Figure 5 (d) and one out of four panels was chosen for design.
Although the free-form building seems dynamic with its large curvature, it is possible to find out that a free-form panel is in gentle curve as shown in the case project. The free-form building in the case project is curved as a whole at an angle of 340° as shown in Figure 5 (c), and has a generally large curvature. However, one subdivided FCP is single-curved with a gentle bend at a radius of 987 mm and 9° angle as shown in Figure 5 (d).
FCP was designed as shown in Figure 6 based on the curvature and size of the cladding in Figure 5(d) . With Fusion 360 Program, FCP that is 600 mm × 600 mm in size was 3D-designed (a). The FCP shape was designed in size that is same as that of the CNC machine's NCRs array, and the design shape was split at 100 mm-intervals (7×7) as corresponding to the X and Y coordinates. The partitioned shape coordinates were named as X1-X7 and Y1-Y7 (d), and the height difference of min-max was designed as 46.7 mm.
For CNC machine operation, the Z-value for each coordinate of free-form shape partitioned by NCR-intervals was measured as shown in Table 2 . The designed shape had the convex curvature with overall symmetry. Thus, the same values were measured, 0 mm for the X1 and X7 
FCP shape error experiment
In order to verify the quality of FCP using CNC machine, an experimental plan on shape error was established as shown in Figure 7 . The CNC machine was operated to check the difference between the value that the shape plate implemented and the designed coordinate value. The difference indicates the vertical error between the implemented shape and the design. For the experiment, first, the CNC machine is operated based on the FCP shape (a). Second, a rubber is attached to the CNC machine (b). After the attachment, a square frame is fixed on top of the CNC machine to measure the distance between the rubber and the top of square frame (c). With the difference between the measured distance and the height of square frame, its shape error is checked.
The rubber used as the shape plate is made from rubber or silicon materials, making it naturally flexible. It not only allows the free-form shapes to be smooth and continuous as the rods move up and down, but also makes it easier to measure shape errors. In a study by Janssen (2011) , a heavy duty rubber is needed which can withstand deformation due to concrete pressure, because it is directly cast on the rubber plate. However, in this study, a light duty rubber plate that supports only the weight of the PCM mold is required. Since the concrete specific gravity is 2.4 and the specific gravity of PCM (paraffin) is 0.9, it is confirmed that deformation by the material placed on the rubber plate of this study is relatively small. If the rod head is fixed because of the height difference with the neighboring rod, the rubber may be implemented as a steep plane instead of a smooth, gentle curve. To solve this problem, Huyghe and Schoofs (2009), Savvides (2012) suggested that it should be designed for free rotation. In reflection of this, the NCR's head was designed as shown in Figure 7 (a).
To verify the FCP shape based on design, its measurement location was set. Since Y1-Y7 rows have the same measured values, the representative location at Y1 was expressed as shown in Figure 8 . To examine changes in shape errors depending on the NCR spacing, it was measured at regular intervals. 100 mm-intervals between NCRs were equally divided into 10 sections and it was measured 61 times in total at Y1 row at 10 mm-intervals.
Analysis of FCP quality
It is difficult to determine the FCP shape errors visually. However, when the accurately measured data are expressed in graphs or charts as shown in Figure 9 , the errors may be checked. Each line is the coordinate value of designed model and the mean value per location of data, and its difference is the FCP shape error. To check the errors in detail, the ratio of shape design was not applied as it is, but the height of Z-axis was increased 5 times on the graph.
The descriptive statistics on experiment result of CNC machine regarding the FCP shape design is shown in Table 3. For overall analysis and easier separation, each experiment is titled as Test 1~6 according to the measurement point and NCR distance. It was measured 427 times in total. Its average is 0.36 mm, the average of standard deviation is 1.05 mm, and the maximum value is 4.6 mm.
When it was 10 mm away from NCR, there was 0.18 mm difference in average, and when it was 20 mm away from NCR, there was 0.26 mm difference in average. When it was 30 mm away from NCR, there was 0.35 mm difference in average, and when it was 40 mm away from NCR, there was 0.61 mm difference in average. When it was 50 mm away from NCR, there was 0.63 mm difference in average. The maximum error was measured when it was 50 mm away from NCR, which is equivalent to 4.6 mm. In other words, it was found that the error increases as it gets farther away from the NCR according to the data analyses.
Based on the mean of shape errors measured at the point 10 mm, 20 mm, 30 mm, 40 mm and 50 mm away from NCR, ANOVA analysis was conducted. As shown in the equation below, the null hypothesis (H 0 ) is 'the means of 5 groups are same' and the alternative hypothesis (H 1 ) is 'the means of 5 groups are different' . It was verified at the confidence level of 95%:
H 0 : The means of 5 groups are same;
H 1 : The means of 5 groups are different. Figure 9 . Error measurement result ANOVA analysis was based on 427 data in total, and the result is shown in Table 4 . It was analyzed that F-value is F-value 4.57 and P-value is 0.00. Thus, the null hypothesis (H 0 ) can be rejected. It was found that as it gets farther away from NCR when compared to the average of five groups, the error significantly increases.
Based on the experimental data of shape errors, a regression model between variables was drawn. The regression model is the basis for estimating the shape error that may be generated according to the distance from NCR. The summary of this regression model on shape errors is shown in Table 5 . It was analyzed that R-square value is 0.05 and the standard deviation of observed value is 0.89. The regression line that represents the relationship of shape errors was estimated, and it is as shown in Eqn (3). It was confirmed that when it gets 1 mm away from NCR, the shape error increases by 0.013 mm. Additionally, variance was analyzed to test the significance of regression model, and its result is shown in Table 6 . It was analyzed that Fvalue is 21.829 and P-value is 0.00. Thus, the regression model is statistically significant at the significance level of 0.05. y 0.010 0.013x. = +
For analysis of shape errors, the wall thickness should be within 3% in accordance with Article 20 of the Building Act Enforcement Ordinance on the allowable error standard. The FCP thickness is set as 150 mm with an error range of 4.5 mm. As shown in the equations below, the null hypothesis (H 0 ) was set as 4.5 x ≥ and the alternative hypothesis (H 1 ) was set as 4.5 x < . The experimental values were calculated using Z-distribution. It was confirmed that the test statistic is -83.23 which is smaller than the threshold of significance value (1.645), making it possible to reject the null hypothesis. Thus, it can be said that the shape error is smaller than 4.5 mm. In other words, it was verified that CNC machine is suitable for FCP production:
Before conducting an experiment to verify whether FCP quality is assured using a CNC machine, the following assumptions were made. It may be difficult to implement an accurate FCP shape owing to: 1) accumulated mechanical errors; and 2) errors caused by material properties.
As a result, the parts near NCR are capable of implementing shapes that are similar to the FCP shape since the CNC machine is composed of NCRs, and uses data transmitted for implementation. However, when it gets farther away from the NCR, errors are generated. The reason is that first, deformation occurs between NCRs due to the elastomer property of rubber, and second, rubber is thinner than the original thickness due to the tension between the NCRs during the process of embodying the shape of the sample design. Among the assumptions mentioned above, it may be largely due to the error caused by material properties.
Additionally, the materials of shape plates affect the FCP quality. As shown in Figure 9 , the largest errors were generated from X4 to X6 sections during the experiments on shape errors. As examining its reasons, it was confirmed that the rubber surface was not smooth and its thickness was not constant unlike the other sections. Therefore, further studies on free-form building technologies to implement FCP shapes without using NCRs and rubber are needed. 
Conclusions
The conventional three-dimension curved surface displaying machines are expensive with complicated design, and it was difficult to be applied to construction sites. To solve this problem, an inexpensive CNC machine that can implement FCP shapes was developed. This study conducted experimental study on shape errors using a CNC machine to verify FCPs production quality. The total number of shape errors measured in the study was 427 times, and such data were used to compare with the designed FCP coordinate values. The conclusion drawn from the study is as follows. First, before conducting an experiment to verify FCP quality using a CNC machine, the following assumptions were made. It may be difficult to implement an accurate FCP shape owing to: 1) accumulated mechanical errors; and 2) error caused by materials properties. As a result, it was confirmed that the shape error increases by 0.013 mm when it is 1 mm away from the NCR. The reason is that the rubber is an elastic body, so tension occurs between the NCRs, which causes deformation and the rubber is thinner than the original thickness. Among the assumptions mentioned above, it may be largely due to the error caused by material properties.
Second, when the FCP thickness is set as 150mm, the allowable error should be within 4.5 mm (3%) in accordance with the Building Act Enforcement Ordinance. It was found from the calculated experimental values that the FCP shape error is smaller than 4.5 mm. It was verified that the CNC machine is suitable for FCP production.
Third, according to the experiment on shape errors, there was a greater error in a specific section. This was because the rubber surface was not smooth and its thickness was inconsistent unlike other sections. In other words, it was confirmed that the materials of shape plates affect the FCP quality when the CNC machine is adopted.
The study verified that the FCP production technology using the CNC machine is capable of implementing uniform quality FCPs without depending on the skills and workmanship of the labor. However, it was confirmed that the NCR periphery can implement the shape most similar to the FCP shape with compared to far from NCR. And, it was confirmed the FCP quality depends on the materials of shape plates when the CNC machine is applied. Thus, free-form building technologies that can implement FCP shapes without using NCRs and rubber are needed. Additionally, further studies on 3D carving techniques that can implement accurate FCP designs need to be conducted. When manufacturing FCPs using a CNC machine, it is difficult to process the edge treatment, but it is very important to keep the contours between the FCPs closely and require a more precise mathematical solution. Therefore, further research is needed to solve this issue.
